Despite growing literature on neural food cue responsivity in obesity, little is known about how the brain processes food cues following partial sleep deprivation and whether short sleep leads to changes similar to those observed in obesity. We used functional magnetic resonance imaging (fMRI) to test the hypothesis that short sleep leads to increased reward-related and decreased inhibitory control-related processing of food cues. In a within-subject design, 30 participants (22 female, mean age = 36.7 standard deviation = 10.8 years, body mass index range 20.4-40.7) completed four nights of 6 hours/night time-in-bed (TIB; short sleep) and four nights of 9 hours/night TIB (long sleep) in random counterbalanced order in their home environments. Following each sleep condition, participants completed an fMRI scan while viewing food and nonfood images. A priori region of interest analyses revealed increased activity to food in short versus long sleep in regions of reward processing (eg, nucleus accumbens/ putamen) and sensory/motor signaling (ie, right paracentral lobule, an effect that was most pronounced in obese individuals). Contrary to the hypothesis, whole brain analyses indicated greater food cue responsivity during short sleep in an inhibitory control region (right inferior frontal gyrus) and ventral medial prefrontal cortex, which has been implicated in reward coding and decision-making (false discovery rate corrected q = 0.05). These findings suggest that sleep restriction leads to both greater reward and control processing in response to food cues. Future research is needed to understand the dynamic functional connectivity between these regions during short sleep and whether the interplay between these neural processes determines if one succumbs to food temptation.
INTRODUCTION
Recent reports suggest that individuals in the United States are not achieving adequate amounts of sleep.
1,2 Short sleep (ie, less than 7 hours per night) is associated with increased obesity risk. [3] [4] [5] [6] [7] Potential pathways through which sleep duration may impact obesity risk include hormonal and metabolic functioning, as well as neural functioning.
Research suggests that sleep duration may affect obesity risk through changes in the regulation of hunger-and satiety-signaling hormones ghrelin and leptin 8, 9 as well as changes in glucose regulation. 10 Accordingly, a recent meta-analysis has revealed partial sleep deprivation is associated with increased food intake, 11 and changes in sleep have been associated with changes in hunger and appetite (particularly for energy dense foods) and food intake, yet this research has predominantly focused on the role of neuroendocrine function rather than central processing.
Beyond hormonal changes, it is possible that sleep duration may affect brain function, specifically how the brain processes food cues, which in turn impacts obesity risk. However, although neural responses to food cues have been studied in obesity, there have been only a few studies examining whether sleep deprivation elicits patterns of responsivity similar to those related to obesity. Increased reactivity to food in reward-related brain areas is predictive of future weight gain. 12, 13 Similarly, converging evidence suggests individuals with obesity exhibit relatively increased activity in reward-processing regions compared to lean individuals. [14] [15] [16] [17] [18] [19] Other studies document less activity in inhibitory control regions in response to food cues in individuals with obesity. 15, [20] [21] [22] It remains an open question whether short sleep leads to enhanced reward-related processing, reduced inhibitory control-related activity in response to food cues, or both.
The extant studies examining neural responses to food cues following sleep deprivation have typically focused on acute total sleep deprivation (TSD) and have yielded mixed results. Benedict et al. 23 observed increased self-reported hunger following TSD along with increased activity in a region of right cingulate cortex previously implicated in reward processing. Greer et al. 24 found decreased activity in regions of frontal and insular cortices and increases in amygdalar activity during food desirability choices following one night of TSD; these changes coincided with increased reported desire for high-calorie foods.
In the only prior study to explore this in partial sleep deprivation (PSD, ie, short sleep), St. Onge et al. 25 observed increased activity in striatal regions related to reward processing (eg, putamen/nucleus accumbens [NAcc] , caudate) as well as thalamus, insula, and regions of premotor cortex and paracentral lobule in response to food cues versus nonfood items following five nights of short (4 hours) compared to long (9 hours) sleep. These investigators also measured dietary intake during this time and found that participants ate more often and consumed more calories and fat during the short sleep condition. 26 A later secondary analysis of these data revealed significantly increased activity in superior and middle temporal gyri, middle and superior frontal gyri, left inferior parietal lobule, orbitofrontal cortex (OFC), and right insula specifically in response to visual cues of unhealthy foods. 27 Relatedly, Killgore et al. 28 found that daytime sleepiness was associated with less activity in a region of ventral medial prefrontal cortex (vmPFC) which was additionally correlated with self-reported overeating in females. Thus, studies of total and PSD provide preliminary evidence that inadequate sleep is associated with altered food cue reactivity that could be related to increased appetite. The present study employed a within-subject repeated measures design to test the effects of short sleep (6 hours per night for four nights) versus longer sleep (9 hours per night for four nights) on the brain's response to food cues. This study extends previous work by St. Onge et al. Specifically, we studied participants across a broad range of body mass indices (BMIs) (20.4-40.7 kg/m 2 ) which enabled exploratory analysis to determine whether previous findings conducted with normal weight individuals generalized to those who are overweight/obese and whether food cue responsivity during short sleep may differ as a function of BMI. Given known patterns of food cue responsivity in obesity and the purported link between short sleep and obesity, it was hypothesized that, relative to longer sleep, short sleep would result in greater activation in reward-related regions in response to food cues and less activation of frontal regions of the brain associated with inhibitory control.
METHODS

Participants
Participants were 30 right-handed healthy adults aged 21-55 years with valid functional magnetic resonance imaging (fMRI) data for both short and long sleep conditions. All participants self-reported typically sleeping 6.5-8.5 hours per night (mean = 7.45 hours). Individuals were deemed ineligible based on the following criteria: regular use of tobacco, use of medications for sleep or those thought to impact sleep (eg, stimulants, depression medications, or melatonin), taking part in a weight loss program or study, weight instability (defined as gaining/ losing >5 lbs in the last month), no daily access to a computer with internet access (needed to upload data from SenseWear armbands used for initial validation of adherence to prescribed sleep schedules), commute greater than 30 minutes with no alternative transportation during short sleep week, a diagnosis or positive assessment of obstructive sleep apnea, history of psychological or neurological conditions (eg, schizophrenia, bipolar disorder, stroke, epilepsy, multiple sclerosis, or traumatic brain injury), and standard magnetic resonance imaging (MRI) contraindications such as ferrous metallic implants/fragments in the body and severe claustrophobia. Study recruitment was conducted from June 2012 to October 2014, through the use of community advertisements. fMRI scans were performed on a total of 37 participants, however three participants were removed from the study after not following the first week of the sleep schedule, and data from an additional four participants were not usable due to excessive movement during at least one of the two scanning sessions, which resulted in the final sample of 30 participants. The protocol was approved by the Miriam Hospital and Brown University Institutional Review Boards. All individuals provided written consent before participating and were compensated $150 for each sleep week (total of $300 per participant).
Study Design
In a randomized, within-subjects, crossover design, participants completed two experimental conditions: four nights of "long sleep" (9 hours) and four nights of "short sleep" (6 hours), in counterbalanced order at home. In the final sample of participants, counterbalancing remained even such that half of the participants completed the short sleep week first and the other half completed the long sleep week first. At the end of each four-night experimental sleep condition, participants completed an fMRI session. A washout period of at least 1 week separated experimental conditions. Outcomes on impulsivity measures from this study have been previously published.
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Procedures
Sleep Conditions
Each sleep week (short and long) consisted of four consecutive nights (Sunday-Wednesday or Monday-Thursday) of either short or long sleep and concluded with a laboratory session on the fifth day. The duration and prescriptions for sleep conditions were selected to be consistent with previous work that aimed to mimic what may occur within a typical work week, 30 as well as work by Van Dongen et al. 31 suggesting that four to five nights of short sleep induces perceived sleepiness similar to that of one night of TSD. The selection of 6 hours time-in-bed (TIB) for the short sleep condition corresponds with epidemiological data suggesting increased obesity risk for individuals attaining <7 hours of sleep per night [3] [4] [5] [6] [7] and the CDC definition of insufficient sleep. 2 Additionally, although in prior laboratory studies participants were restricted to 4-hour TIB, given that this study was conducted with free-living participants who were asked to maintain their typical daily activities (including driving themselves to work/school/appointments), the dose of 6-hour TIB for the short sleep condition was thought to reduce safety concerns. Participants were instructed to follow the prescribed sleep schedule without napping. Participants were not instructed to modify their food/calorie intake during either sleep week but were required to be 3 hours fasted (consumption of nothing other than water) at the time of each assessment. They were allowed to consume caffeine according to their typical use throughout the week, with no more than two average-sized caffeinated beverages (equivalent to two 6 oz. cups of coffee) in the 24 hours before the laboratory session and none within 3 hours prior. Participants were asked to refrain from consuming alcoholic beverages 24 hours prior to laboratory sessions.
Measures
Sleep
Methods to monitor adherence to the sleep prescriptions have been previously published. 29 In brief, participants wore Sensewear Armbands (BodyMedia, Inc., Pittsburgh, PA, USA) and used BodyMedia, Inc. software to sync their activity data remotely from their own homes, allowing experimenters to monitor adherence to the sleep schedule each day. If armband sleep time deviated from the prescribed schedule by 15 minutes or more, study staff called to follow-up with the participant on adherence and, if necessary, to reschedule the laboratory session to ensure four consecutive nights of high adherence.
Sleep was formally scored using Mini-Motionlogger actigraphs (AMI, Ardsley, NY, USA), and the Sadeh algorithm 32 in Action W version 2.6.9905 (AMI, Ardsley, NY, USA). Using standard procedures for scoring actigraph-estimated sleep, 33 participants also completed sleep diaries (including documenting bedtimes and wake times) and called to leave a timestamped voicemail at the Center twice daily. Discrepancies in reported and objective sleep measures were reviewed with participants during the laboratory sessions to determine sleep and wake times. Sleep schedule adherence was assessed primarily via actigraphy (N = 23); however, for participants whose actigraph device malfunctioned on any one night out of the eight total sleep condition nights, adherence was verified with armband data and sleep diaries (N = 7). Consistent with prescriptions for time in bed, the mean actigraph-measured sleep periods were 5.93 hours (standard deviation [SD] = 0.31) and 8.68 hours (SD = 0.27) for the short and long sleep schedules, respectively. As expected, this within-subject difference in sleep time between the two experimental conditions was significant (t = 38.0, p < .001).
Magnetic Resonance Imaging
All MRI scans were conducted at the Brown University MRI Research Facility on a Siemens 3-Tesla Tim Trio Scanner using a Matrix 32-channel head coil. These sessions were conducted in the late afternoon or early evening (between the hours of 02:00-06:00 pm, with only one participant being scanned at 02:00 pm and an approximate average scan time of 04:00 pm that did not differ as a function of condition) as studies have shown that effects of sleep on eating behavior may occur later in the day. 30, 34, 35 To the extent possible, scan time of day was held constant within participants across conditions such that the majority of participants were scanned for each sleep week at the same time of day (n = 23) or within 1 hour of the previous scan (n = 6). One individual had scan session times that differed by 2 hours. The whole-brain imaging protocol consisted of (1) an initial scout image, (2) a high-resolution T1-weighted anatomical (Magnetization-Prepared Rapid Gradient Echo) scan (repetition time [TR] = 1900 ms; echo time [TE] = 2.98 seconds; flip angle = 9°; 160 sagittal slices, 1 × 1 × 1 mm voxel size), and (3) functional blood oxygen level dependent (BOLD) runs, including the food cue paradigm (described below). Functional images for the food cue task were acquired using a gradient-echo echo-planar sequence (TR = 2000 ms; TE = 28 ms; flip angle = 90°; 36 axial slices, 3 × 3 × 3 mm voxel size). Padding was placed around each participant's head to minimize motion during scanning. Visual stimuli were presented via E-prime 2.0 Professional software (Psychology Software Tools, Inc., Sharpsburg, PA, USA), projected onto a screen at the back end of the scanner bore and viewed through a mirror attached to the head coil. Responses were registered using an MRI-compatible four-button response pad.
Food Cue Paradigm
The food cue paradigm is a block-design food cue-reactivity task that has been previously used in several brain imaging studies. 22, 36 Participants viewed images of high calorie foods (eg, French fries, ice cream), low calorie foods (eg, broccoli, rice cakes), and neutral nonfood images (eg, furniture, flowers) in pseudorandomly presented blocks during a single functional run of 204 TRs. Each block consisted of a set of 12 images presented for 2 seconds each. Periods of fixation baseline were presented in between blocks for 20 seconds at a time. Following each block, participants were prompted to rate their current urge to eat on a four-point scale (very low to very high) using the response pad.
Data Analytic Plan
Behavioral Data Analysis Baseline participant characteristics were described using means and SDs for continuous variables or percentages for categorical variables using standard methods. Variables of interest were compared within-subjects for short and long sleep periods using paired t tests. Behavioral data were analyzed using SPSS Statistics software for Mac, Version 22.0 (IBM Corporation, Armonk, NY, USA).
fMRI Data Analysis
Preprocessing and data analysis were performed using Statistical Parametric Mapping Software (SPM8; Wellcome Trust Centre for Neuroimaging, University College London, United Kingdom; http://www.fil.ion.ucl.ac.uk/spm/) and a suite of processing scripts developed by researchers at Dartmouth College (available at http://github.com/ddwagner/SPM8w). Following quality assurance procedures to assess outliers or artifacts in volume and slice-to-slice variance in the global signal, functional images were corrected for differences in slice acquisition timing by resampling all slices in time to match the first slice. Images were then motion corrected across all runs (using b-spline interpolation). Functional data were then normalized based on Montreal Neurological Institute stereotaxic space using affine transformation along with a nonlinear transformation using cosine basis functions. Images were spatially smoothed with a 6-mm full-width-half-maximum isotropic Gaussian kernel.
A general linear model was run for each participant at each assessment with regressors for food cue conditions (ie, high calorie foods, low calorie foods, and neutral nonfoods) as well as covariates of noninterest (eg, instruction trials, ratings trials, six motion parameters derived from realignment corrections, and a linear trend). Fixation periods were not explicitly specified in the model and comprise the baseline for comparison. These models were convolved with a canonical hemodynamic response function and were then used to generate contrast images comparing the task conditions (eg, food vs. nonfood).
Data were analyzed via both region of interest (ROI) analyses and exploratory whole-brain analyses. First, a set of a priori ROIs were identified from work by St. Onge et al. (2012) .
To determine if the current study replicated these previous findings, spherical masks were built around peaks of activation reported in their contrast of restricted > habitual sleep in response to food cues versus nonfood (no significant clusters were noted by St. Onge et al. for the contrast of habitual > restricted). Only regions from this previous work that exhibited effects of food>nonfood (whole brain uncorrected p < .001, k = 10) in the current data were included to examine effects of sleep condition. Thus, a total of five ROIs were tested including bilateral reward-related regions in the ventral striatum (6-mm spheres), right paracentral lobule, left precentral gyrus, and the right superior frontal gyrus (8-mm spheres; Table 2 ). Individual mean beta weights were extracted from each of these specific ROIs in the current sample. One-tailed paired t tests were then conducted to assess potential differences between sleep conditions (short vs. long) in the current sample, and Bonferoni corrections were applied to account for multiple comparisons. Second, exploratory whole-brain voxelwise two-tailed paired t tests were conducted comparing activation during short versus long sleep conditions within subjects using clusterwise false discovery rate (FDR) corrections. Statistical maps were generated with an uncorrected p < .001 (extent threshold = 5), and only those clusters surviving FDR clusterwise correction q < 0.05 were deemed significant.
RESULTS
Sample Characteristics
Demographic characteristics and descriptive statistics for the sample (N = 30) are presented in Table 1 
fMRI Results
Ratings
Urge-to-eat ratings were successfully recorded for 26 participants. There were no significant differences in the urge-to-eat ratings provided by participants for short versus long sleep (mean short sleep = 2.31, long sleep = 2.23, p = .72).
A Priori ROIs
Three regions from a set of five a priori ROIs from St. Onge et al. (2012) revealed significant differences in short versus long sleep (Figure 1 ). Both the right NAcc/putamen and the left NAcc/caudate exhibited relatively greater activity in short versus long sleep for food > nonfood (mean parameter estimates R NAcc/putamen short = 0.37 ± 0.50, long = 0.10 ± 0.40, p = .01; L NAcc/caudate short = 0.37 ± 0.51, long = 0.08 ± 0.39, p = .01). Additionally, activity in response to food > nonfood in a region of the right paracentral lobule also showed significant differences between short and long sleep (mean parameter estimates short = 0.18 ± 0.37, long = −0.03 ± 0.26, p = .01).
Examining the effect of sleep as a function of BMI category in these three regions revealed a significant interaction in the paracentral lobule [F(2,27) = 4.82, p = .01] such that the difference in activity from short to long sleep was greatest in the obese individuals (Figure 2 ). There was no significant interaction with BMI in either NAcc region.
Whole-Brain Voxelwise Paired t Tests
A whole-brain voxelwise paired-t test procedure comparing the contrast of food > nonfood during short versus long sleep conditions revealed significantly greater activation during the short sleep condition in two regions: the right inferior frontal gyrus (IFG) and the vMPFC (Table 3, Figure 3 ). Although clusters of activation did appear within previously noted a priori ROIs, these activations did not survive whole-brain voxelwise statistical correction. Follow-up analyses revealed no interactions as a function of BMI in these significant clusters. There were no clusters exhibiting significantly greater activity in long versus short sleep. 
DISCUSSION
This study systematically explored potential differences in the brain's response to food cues following four consecutive nights of short versus long sleep. The hypothesis that short sleep may be associated with relatively increased food cue reactivity in reward-related brain regions was supported. Short sleep led to relatively greater activity in response to food cues in bilateral reward processing regions of R NAcc/putamen and L NAcc/ caudate as well as the vMPFC. It was also hypothesized that short sleep may be associated with decreased activity in frontal control regions; however, we found greater activity during the short sleep condition in the right IFG, which is thought to be involved in inhibitory control. Greater reactivity to food cues specifically during short sleep was additionally observed in the right paracentral lobule, reflecting relatively increased sensory/ motor signaling. Despite these differences in neural processing of food cues following short versus long sleep, subjective self-report of food craving did not differ. These findings suggest the potential for both increased effortful control and reward salience for food cues following periods of inadequate sleep. Brain regions of the dopaminergic reward system (including striatal regions of NAcc, putamen, and caudate) have been linked to both weight gain and obesity. It is currently believed that increased responsivity in these regions is indicative of heightened motivation for food and perhaps anticipation of the pleasurable properties of foods. 37 Research suggests this heightened reactivity is associated with eating, weight gain, and disinhibited overeating. 12, 13, 38 Replicating findings of St. Onge et al. (2012), we confirm relatively greater responsivity in bilateral reward-related regions of the NAcc following short sleep compared to longer sleep, providing further evidence short sleep may lead to heightened reward responsivity to food cues similar to that predictive of weight gain and obesity. It has been previously suggested that sleep-related changes in eating are not due to homeostatic changes but rather hedonic motivations for food (Markwald et al. 30 , and Spaeth et al. 34 ), and previous brain imaging research has indicated enhanced hedonic processing following a single night of TSD. 23 The current findings suggest hedonic responsivity, specifically within the NAcc, accompanies a period of shortened sleep, and although further research is necessary, it is possible that this sort of reward processing may be related to changes in food intake following sleep loss. In our previously published work, participants in this same protocol did not exhibit differences in performance on two reward-processing tasks (Delay Discounting and Balloon Analogue Risk Task) that both utilized monetary reward cues. 29 Taken together, this may further suggest that short sleep may have particular impact on food reward responsivity and may not have domain general effects that impact other types of rewards.
In the present study, whole brain analyses also revealed a region of vmPFC that exhibited enhanced activity to food cues during short sleep versus long sleep. Although the MPFC can often exhibit deactivations from baseline during attention-demanding tasks [39] [40] [41] and differences in magnitude of deactivation could yield similar positive results in this region, the signal change observed here appears to be activation relative to resting fixation baseline. Converging evidence across multiple domains suggests the vMPFC plays a role in both decision-making and reward processing. Anatomically, the MPFC is also part of the dopaminergic pathway, and it has reciprocal connections to both the ventral striatum and the amygdala. [42] [43] [44] Neuroeconomics research further supports the theory that this region is involved in coding reward salience, as increased activity has been shown to correlate with greater reported appetitive value. 45 In support of this region's role in decision-making, lesion studies suggest that damage to this area leads to impairments in value-based decision-making 46 and regulation of appetitive behavior in disordered eating. 47, 48 Given this region's role in both reward processing and decision-making, increased food cue reactivity in this region following several days of inadequate sleep may be indicative of both increased reward and self-regulatory responses to food images. Previous work by Killgore et al. 28 found that greater self-reported daytime sleepiness was associated with decreased vmPFC activity in response to food cues, which also correlated with increased self-reported overeating in females. Although this is somewhat contradictory to the current findings of increased vmPFC activity during short sleep periods, the peaks of activation in these two regions are distinct, and it is possible that smaller adjacent regions within the prefrontal cortex play differing roles in reward and control processing of food cues, perhaps providing further insight into reports of this regions' responsivity in both reward and control processing.
Contrary to the original hypothesis, we observed increased responsivity to food cues following short sleep in regions involved in inhibitory control. A number of previous fMRI studies suggest the right IFG plays a specific role in inhibitory control [49] [50] [51] as well as attentional control. 52 Although some studies have demonstrated reduced food cue reactivity for individuals with obesity in frontal control regions, regions of IFG have been shown to be more active in individuals with obesity in response to food images. 53 Activity in this region has been associated with response inhibition and successful resistance to temptations 54 and has been shown to be more active in successful weight loss maintainers, which may reflect continued effortful restriction of food intake. 22 Therefore, it is possible that greater recruitment of the IFG in response to food during short sleep is associated with attempts at response inhibition during presentation of salient cues (ie, increased required effort or inefficiency of the inhibitory control system). Behaviorally, participants in this study exhibited decreased inhibitory control in an impulsive action task (Go/No-Go), 29 suggesting short sleep significantly decreased ability to inhibit prepotent responses. This may further imply that the increased activity to food observed in the IFG may reflect increased effort required to inhibit responsivity to food following short sleep rather than actual increases in successful inhibition. A region of the paracentral lobule also showed increased activity in response to food cues in short sleep compared to long sleep. The role of this sensory/motor region in response to food cues is less clear; however, the pattern of activity with food cue responsivity being greater during short versus longer sleep further replicates previous work by St. Onge et al. Moreover, this region has been shown to be more active in individuals with Prader Willi Syndrome prior to meals and is significantly more active in individuals with a phenotype of the disorder thought to involve reduced behavioral inhibition around food. 55 In the current study, this region demonstrated a significant interaction with BMI, such that individuals with obesity exhibited the relatively greater change from short to long in this region. Together with its purported role in somatosensation, specifically in gastrointestinal and waste elimination functions, it may relate to preparing the body for intake. Further research is needed to better understand the role of the paracentral lobule in food cue processing and this specific relationship; however, it is possible that those with obese BMI are most susceptible to heightened food cue reactivity during times of short sleep.
Although this study adds to the literature on effects of short sleep and food cue reactivity, there are limitations to consider. For instance, the study assessed neural food cue reactivity, but actual eating behavior was not measured. Although a recent meta-analytic review suggests an association between neural food cue reactivity and eating behavior, the present study cannot address the question of whether short sleep and the associated increases in food cue reactivity observed are directly related to eating behavior. In a previous study in which we measured ad lib intake at a breakfast buffet following 4 hours of sleep versus 9 hours of sleep in individuals with obesity in a laboratory setting, we did not observe differences in intake as a function of sleep. 56 However, others have reported subsequent increases in intake (including St-Onge et al. 26 , Markwald et al. 30 , and Spaeth et al. 34 ), and a recent review and meta-analysis suggests that short sleep is associated with increased food intake. 11 Future studies measuring eating behavior directly in addition to fMRI could examine potential associations between neural food cue reactivity and subsequent consumption during shortened sleep conditions and provide further insight into the current findings. Relatedly, as it was an aim to preserve ecological validity, diet was not controlled during this study. Since intake was not assessed over the course of the study, it is unknown whether there were significant differences in caloric or nutritional consumption between the two conditions. Participants were equally fasted at the time of each scan; however it is possible that intake in the proceeding days may have differed. For instance, if intake was relatively increased during the short sleep week in the days/hours prior to the 3-hour fast, it is possible that participants would have been more sated at the time of scan, despite the consistent fast, and this could have particularly impacted (diminished) reward responsivity to food cues. Finally, baseline sleep prior to the start of the study was assessed via self-report, however future studies may seek to assess this with objective measures to more accurately quantify the degree of sleep debt produced by the short sleep condition for each individual.
Despite these limitations, the randomized within-subjects design, the use of fMRI in order to assess food cue reactivity, the potential for enhanced external and ecological validity with focus on smaller changes in sleep within the home environment, as well as statistical corrections to account for type I errors all contribute to the strength of this study. The current study suggests that the increased recruitment of reward-related brain regions in response to food cues that has been observed in association with obesity is also associated with short sleep. This enhanced reward processing may underlie changes in appetite and hunger as well as eating behavior that have been linked to short sleep. Contrary to the original hypothesis, increased recruitment of inhibitory control-related regions was also observed in short sleep compared to longer sleep, which may indicate extra effort required to inhibit food responses following short sleep. The dynamic functional connectivity of these regions should be investigated to determine how the interplay between reward and control activity might predict actual eating behavior and how short sleep may lead to overeating. Further research is needed to fully characterize the brain's response to food following sleep restriction to better assess the purported connection between short sleep and obesity.
